Membrane deterioration differs in aging and senescent tissues. Involvement of free radicals in the process is generally recognized. Little is known about the physiological effects of gamma irradiation on plant tissues. Degradation of microsomal membranes by the action of free radicals, generated in vivo by gamma rays, was investigated. Cauliflower florets (Brassica oleracea L., Botrytis group) were exposed to 2 or 4 kiloGray of gamma radiation. Membrane deterioration was assessed during 8-day storage at 130C. Some senescence was indicated in nonirradiated controls by a parallel depletion of lipid phosphate and protein. Irradiation caused an immediate increase in tissue electrolyte leakage and a small increase in the free fatty acid content of membranes. In irradiated samples, leakage of electrolytes and the ratios of sterol to phospholipid and of free fatty acid to phospholipid increased with storage. During this period, membrane protein was progressively lost and the lipid phosphate-toprotein ratio increased markedly. Polyunsaturated fatty acids were selectively depleted from the free fatty acid fraction for all treatments, suggesting lipoxygenase activity. No change in lipid saturation was observed in the polar lipid fraction. The results suggest an enzyme-catalyzed senescence-like membrane deterioration, probably induced by chemical deesterification of phospholipids by free radicals generated during irradiation.
Membrane deterioration is a general feature of natural senescence and stress-induced aging. Involvement of FR2 in the process is generally recognized (19, 28) observed during senescence (20, 29) . LOX activity and superoxide radical production were enhanced in parallel in bean cotyledon microsomal membranes as senescence progressed, which suggests a role for this enzyme in lipid peroxidation of senescing membranes (16) . Increase in the saturated-to-unsaturated FA ratio was also reported for senescing microsomal membranes from carnation petals, and there was evidence for specific depletion of PUFA related to LOX activity (6) .
Similarly, membrane rigidification and loss of phospholipids were observed in membranes during aging (8, 26) . However, microsomal membranes from ice-encased wheat crowns (8) or desiccated axes of soybeans (24) showed significant accumulation of membrane FFA. This is a major difference from senescing systems where little FFA accumulation was reported (6, 19) . Although PUFA were not selectively lost, membrane degradation in aging desiccated axes of soybeans (24, 25) was nevertheless attributed to the action of superoxide radicals. This conclusion was reached by comparing compositional and structural characteristics of microsomal membranes aged in vitro or extracted from aged tissue with membranes exposed in vitro to superoxide radicals. Differences in membrane degradation during senescence and during aging caused by dehydration, freezing, or anoxia, where FA accumulated, were explained by reduced activity of lipid-degrading enzymes under the aging conditions ( 19) .
Ionizing radiation can be used as postharvest treatment (e.g. to delay ripening or senescence) of fruits and vegetables at doses up to 3 kGy (12) . However, the response of produce varies considerably. Tissue softening and enzymatic browning are frequently observed. The principal effects of low doses of gamma radiation on plant tissues are related to physiological changes and only indirectly related to radiolytic effects (5) . However, the mechanisms underlying the physiological effects of gamma irradiation are not well understood (30) . Most effects are considered as resulting from the action of FR, generated from water and oxygen by the ionizing energy, on the cellular components ( 12) .
In the study presented here, gamma irradiation was used to generate FR and to assess the role of FR in membrane degradation during senescence and aging. The aim of the study was to verify whether the action of FR leads to either a senescence or an aging type of membrane deterioration. The effects of FR, generated in vivo by irradiation of cauliflower (Brassica oleracea L., Botrytis group) florets, on microsomal membranes were investigated under conditions which were expected to preserve the activity of the lipid-degrading enzymes.
MATERIALS AND METHODS

Irradiation and Storage
Cauliflower heads (Brassica oleracea L., Botrytis group) were obtained from a local market. The heads were divided into florets weighing about 125 g, distributed in 2-L plastic baskets, and irradiated at ambient temperature with a Co" gamma irradiator (Gammacell 220, Atomic Energy ofCanada Ltd, Kanata, Ont., Canada) at 0, 2, or 4 kGy. Controls and irradiated florets were stored for 8 d at 1 3°C under a watersaturated air flow. Random samples from each treatment were analyzed within 60 min after irradiation and after storage for 2, 4, 6, or 8 days.
standards for determination of FA and FS, respectively. Fatty acids of the FFA and PL fractions were methylated directly on the silica gel by adding 14% boron trifluoride-methanol (w/v) in excess, flushing the atmosphere with N2, and heating the sealed tubes at 90°C for 15 min. The methyl esters were extracted from the reaction mixture with hexane and water at a final ratio of 2:1 (v/v). Methyl derivatives were analyzed by GLC on a 30-m capillary DB-225 column (J & W Scientific, Rancho Cordova, CA) as described by Makhlouf et al. (17) . Trimethylsilyl derivatives of FS were prepared directly on the silica gel (4) 
Isolation of Membranes
All steps described for the isolation of microsomal membranes were carried out at 4°C. Cauliflower inflorescence (approximately 22 g) was homogenized with an Ultra-Turrax apparatus (Janke and Kunkel GmbH, Hohenstaufen, Federal Republic of Germany) in a buffer containing 30 mL of 50 mM Mops-KOH (pH 7.2), 0.6% insoluble PVP (w/v), and 4 mM 2-mercaptoethanol. The homogenate was filtered through one layer of Miracloth (Calbiochem, La Jolla, CA) and centrifuged at 10,000g for 20 min to remove cell debris and mitochondria. The supernatant was centrifuged at 100,000g for 60 min. The microsomal pellet was resuspended in 2 mL of deionized water, and 1.6 mL of the suspension was immediately used for lipid extraction. Membrane proteins were determined by a modified Lowry procedure with BSA as a standard ( 18) .
Lipid Analysis
Total lipids were extracted from the membrane suspension as described by Bligh and Dyer (3). The phospholipid content was determined as Pi (1) . Free sterols, FFA and PL were separated by TLC on 1000-,um silica gel G plates (Analtech, Newark, DE) in heptane:ether:acetic acid (60:40:2, v/v/v; 9) and were identified by using authentic standards. Spots were visualized briefly with iodine and collected in glass tubes. Heptadecanoic acid and cholestane were added as internal
Statistical Analysis
Experiments were replicated three times, and analyses were carried out in triplicate. Analysis of variance was performed after a split-plot design in which the replications were arranged in randomized complete blocks. Means were compared when necessary with planned contrasts from the General Linear Model procedure ofthe SAS statistical package (SAS Institute, Cary, NC).
RESULTS
The absence of increase in electrolyte leakage during storage of unirradiated control florets (Fig. 1) suggests that only little membrane degradation and senescence occurred during this period. Irradiation of the florets caused an immediate increase in leakage, which progressed further during storage.
Some membrane degradation during storage was nevertheless indicated by a 20% decrease in lipid phosphate content of microsomal membranes in the controls (initially, 172 ± 9 Values are means ± SE for n = 3. nmol/g of tissue fresh weight) (Fig. 2) . Immediately after irradiation at 2 and 4 kGy, the membrane phospholipid content was similar to that of the controls. However, during storage, phospholipid content declined more rapidly in the irradiated florets than in the controls. Phospholipids decreased by 40% in the 4-kGy irradiated samples after 8 d of storage. The loss in lipid phosphate from the membranes was also reflected in changes in the FS-to-lipid phosphate molar ratio. For the controls, the ratio increased significantly (P < 0.05) during storage (Table I ). The ratio of the irradiated florets, which was similar to that of the controls on day 0, rose progressively above the controls with storage (P < 0.05 at 4 kGy). Taken together, these results indicate greater membrane degradation in irradiated samples than in controls during storage.
The FFA-to-FS ratio of microsomal membranes from unirradiated florets remained relatively constant during storage (Fig. 3) . The overall mean of the membrane FFA content, 6.4 + 0.8 nmol/g of tissue fresh weight at 2 kGy and 6.7 ± 0.9 nmol at 4 kGy (SE for n = 15), was significantly higher (P < 0.05) for the irradiated samples than for the controls (4.5 ± (Fig. 4) , but irradiation led to a significant increase of the ratio at 4 kGy (P < 0.05), which further increased with storage, reaching more than 6% on day 8, a twofold increase compared with the controls. The PL fraction of the membranes was highly unsaturated, with a saturated-to-unsaturated FA ratio of 0.39, and was particularly rich in linolenic acid (Table II) The protein content of the microsomal membranes was reduced by 15% in the controls during storage (Fig. SA) . The protein content was not immediately affected by irradiation, but approximately 50% of the membrane protein was lost during storage. The ratio of membrane lipid phosphate to protein, which remained constant in the controls during storage, increased markedly in the irradiated samples (Fig. SB) . The greater depletion of protein than of phospholipid led thus to a major compositional alteration in the microsomal membranes.
DISCUSSION
The FA composition of microsomal membranes from cauliflower determined in this study was similar to that found for plasma membranes of the same tissue (23) . The low degree of unsaturation of the FFA fraction, as compared with the PL, suggests metabolization of free PUFA by LOX, which is known to catalyze the peroxidation ofdeesterified PUFA (10) .
Several membrane parameters are considered indicators of senescence, e.g. enhanced permeability, loss of polar lipids (27) , increase in the sterol-to-phospholipid ratio, or reduced degree of unsaturation (28) . The study presented here shows only little evidence of senescence from membrane deterioration in the controls during 8 d of storage at 1 3°C: electrolyte leakage did not increase, the FFA level remained constant, and the FA composition of the PL and FFA fractions was not significantly affected. However, some senescence was indicated by a 20% lipid phosphate decline, which was confirmed by a higher FS-to-lipid phosphate ratio; lower membrane recovery after storage was indicated by parallel depletion of proteins and lipid phosphate.
In contrast, gamma irradiation caused significant membrane deterioration, both immediately after treatment and during subsequent storage. Immediate membrane degradation is suggested by an increase in electrolyte leakage by more than 50% on day 0. An immediate rise in FFA content and in FFA-to-FS and FFA-to-phosphate ratios suggests deesterification of phospholipids. In vitro gamma irradiation of dipalmitoylphosphatidylcholine bilayers was reported to cause deesterification of positions 1 and 2 of the glycerol backbone (13) . From the literature, it may be inferred that direct deesterification of membrane lipids was probably mediated by the superoxide radical (O2), one of the FR species generated by gamma rays. The superoxide radical was shown to promote the deesterification of membrane lipids (21) . In vitro treatment of membranes isolated from soybean axes with superoxide radicals generated by xanthine oxidase resulted in accumulation of FFA and loss of lipid phosphorus without a change in the unsaturated-to-saturated FA ratio or FA peroxidation (25) . The similar absence of membrane FA peroxidation, observed in our study in the PL fraction of microsomal membranes from irradiated cauliflowers, might be explained by the hydrophilic nature of FR, which does not favor their interaction with lipids in the hydrophobic core of the membrane (14) . Although the membrane FFA content increased immediately after irradiation, no loss of lipid phosphorus was detected, perhaps because only a small amount of FA was released, less than 12 nmol of FA per mmol of the initial phosphate content. This much lesser release of FA than that The extent of the increase in electrolyte leakage immediately after irradiation is surprising in view of the relatively small changes observed in membrane lipid composition. However, electrical conductivity data, generally considered as a measure of membrane permeability, should be interpreted with caution. Gamma irradiation causes solubilization of cell wall pectins (2, 1 1), probably via a FR-induced splitting of the glycosidic bond (30) . The ensuing release of calcium and modification of ion exchange capacity of the cell wall should influence the conductivity of the incubation medium during conductivity measurements. The same comments apply to electrolyte leakage measurements reported in the literature to evaluate membrane deterioration during senescence.
Storage of the irradiated florets leads to further degradation of the membranes, characterized by a progressive increase in electrolyte leakage, loss of lipid phosphate, small accumulation of FFA, and loss of proteins. Because FR have a short half-life, within the nanosecond range, the initial production of these species by gamma rays cannot be directly responsible for the later membrane damage progression. Our observations rather suggest enzyme activity, particularly from LOX and phospholipases. The accumulation of saturated FFA (60% palmitic acid) in the membranes after irradiation indicates degradation of free PUFA by LOX and may have contributed to membrane destabilization. Palmitic acid is reported to produce discrete gel-phase domains in membranes (13, 24) .
The superoxide radicals generated by LOX during metabolization of PUFA (16) could further attack the membrane lipids and enhance membrane destabilization. The importance of phospholipases in the membrane deterioration process is suggested by the extensive loss of membrane lipid phosphate during storage of irradiated samples. These enzymes are more prone to attack phospholipids from destabilized membranes (22) . The FFA liberated by phospholipases become substrate for LOX, and the combined action of these enzymes could make the degradation process autocatalytic. The acceleration of membrane deterioration during storage with increasing doses of radiation reflects the severity of the initial damage caused by gamma rays and FR to the membranes.
The marked reduction of membrane protein during storage after irradiation is interesting. This probably reflects a decline in the yield of microsomal membranes, but also a significant alteration of composition of the membranes, as indicated by the protein-to-phosphate ratio. Loss of protein thiol groups was reported for in vitro gamma-irradiated microsomal membranes from soybean axes (24) . Conformational changes in membrane proteins, generated by gamma rays, free radicals, or modification of the lipid matrix environment, may favor protein recognition and degradation by proteases or cause their release from the membranes. Loss of membrane proteins could further contribute to membrane destabilization and degradation.
In vivo gamma irradiation of membranes induced a membrane deterioration similar to that observed during senescence. Gamma radiation did not prevent FFA metabolization, in contrast with the aging systems described by McKersie et al. (19) . The twofold increase in membrane FFA-to-PL ratio during storage of irradiated cauliflowers was roughly equivalent to the membrane FFA-to-total lipid ratio reported for senescing carnation petals (6) and was much less than the 10-fold rise in the FFA-to-PL ratio reported for soybean axes during dehydration-induced aging (26) . The absence of selective depletion of PUFA from the membrane PL after irradiation contrasts with results obtained for some senescing systems (6, 28) but agrees with results reported for other senescing systems, e.g. leaves of Phaseolus vulgaris (20) . The results presented in this report give some insight into the way in which gamma irradiation may affect ripening or senescence of produce. Depending on radiation dose and tissue, membrane alteration may lead to changes in enzyme activities involved in ripening or senescence. The tolerance of produce to gamma irradiation may be based on the ability of the cells to protect membrane integrity, e.g. by antioxidants and FR scavenging enzymes. Membrane composition and activity of membrane lipid-degrading enzymes are other factors which would be interesting to explore in relation to FRinduced stresses. Gamma irradiation may also help understanding the role of FR in senescence.
In conclusion, our results are interpreted as indicating enzyme-catalyzed senescence-like membrane deterioration, probably induced by chemical deesterification of phospholipids by free radicals generated during gamma irradiation.
